Nanocrystal-(Ti,Al)N x /amorphous-SiN y composite films were prepared in a codeposition process under different substrate bias voltages. The effects of substrate bias voltage on the deposition rate, composition, microstructure, and mechanical properties of nanocomposite films were investigated. Results indicated that the films with bias voltages caused resputtering due to the bombardment of high-energy ions on film surface. The resputtering effect had substantial influence on deposition rate, surface morphology, and composition of films. The films with (220) preferred orientation were also observed as the applied substrate bias voltages exceeded 50 V. As the substrate bias voltage increased, the nanocrystallite size increased, lattice strain raised, and the hardness decreased.
I. INTRODUCTION
Microstructural design is one of the best ways to enhance the strength of the film material. A new superhard coating of nanocrystalline/amorphous (nc/a) structure has shown a considerable strength enhancement as compared with both elemental materials. [1] [2] [3] [4] The results indicated that the strengthening mechanism of nanocrystalline/amorphous composite films was dislocation pinning. Dislocations formed in the crystallites under a higher applied stress; they could not freely move through the amorphous matrix, and therefore the strength of the material was enhanced. [1] [2] [3] [4] The strength of materials could be decreased by the formation and movement of dislocations. 5 Crystals several nanometers in grain size were reported to be free of dislocations. 2 Randomly oriented nanocrystals embedded in a thin amorphous matrix also supply a good coherence at the grain boundaries and could be beneficial for hard coatings on tribological application than purely polycrystalline composites. 4 Novel cutting tool materials with nanocrystal-(Ti,Al)N x / amorphous-SiN y [nc-(Ti,Al)N x /a-SiN y ] composite films were studied previously. 6 Results indicated that nanocomposite films significantly enhanced the hardness by 44% and 80% as compared to the monolithic (Ti,Al)N x and a-SiN y films, respectively. To further investigate the effects of deposition parameters on nanocomposite films, the substrate negative bias voltage was applied during the codeposition process.
The films were bombarded by noble-gas ions in a plasma form, and the energy of the arriving ions was influenced by the substrate bias voltage. 7 The kinetic energy of bombarding ions had substantial effects on the nucleation and growth of films, and the crystallographic, physical, and mechanical properties. 7 In the present study, nc-(Ti,Al)N x /a-SiN y composite films were deposited on high-speed steel. The effects of substrate bias on the deposition rate, composition, microstructure, and mechanical properties of nc-(Ti,Al)N x / a-SiN y composite films were investigated.
II. EXPERIMENTAL

A. Sample preparation
The nc-(Ti,Al)N x /a-SiN y composite films with different substrate negative biases were codeposited on high speed steel [HSS; SKH51; Chemical composition (wt.%): C, 0.8%; Mo, 4.8%; W, 6.1%; V, 1.9%; Si, 0.28%; Mn, 0.27%; P,0.02%; S, 0.01%; Ni, 0.2%; Fe balance] via reactive magnetron sputtering. The HSS substrates with a Rockwell C hardness of 64 HRC (800 HV) were obtained after heat treatment, and machined into blocks of 15 × 15 × 5 mm 3 . Substrates were polished with diamond paste of size down to 1 m, degreased, ultrasonically cleaned in acetone and ethyl alcohol, and subsequently dried in a flowing nitrogen gas before deposition. Ti-Al alloy target (75/25 at.% 99.99% purity, 7.62 cm diameter, 0.64 cm thickness, Plmaterial Inc., CA) and Si target (99.999% purity, 7.62 cm diameter, 0.64 cm thickness, Target Materials Inc., Columbus, OH) were used in this study. The sputtering was conducted in a mixed Ar-N 2 atmosphere with a target-to-substrate distance of 5 cm. A cryopump coupled with a rotary pump was used to achieve an ultimate pressure of 2.7 × 10 −4 Pa before introducing gas mixtures of argon (50 ml/min, 99.999%, Lien Hwa Gas Company, Hsin Chu, Taiwan) and nitrogen (10 ml/min, 99.999%, Lien Hwa Gas Company). The pressure was measured using a hot cathode ion gauge and a thermal couple vacuum gauge. Two separate mass flow controllers (MKS MFC-1179, MKS Instruments, Inc., MA) were used to monitor the gas flow rates of argon and nitrogen. Both Ti-Al and Si targets were first presputtered under 0.8 Pa for 10 min in Ar for cleaning. The substrate temperature was maintained at 300°C. The total pressure including Ar and N 2 was fixed at 0.8 Pa. A direct current (dc) power of 200 W was supplied to the Ti-Al target, and a radio frequency power (13.56 MHz, CESAR-1310, Dressler, Stolberg, Germany) of 100 W was supplied to the Si target. A negative dc bias voltage of 0-200 V was supplied to the substrate in this study. The rotating speed of the substrate was 18 rpm, and the thickness of the films was maintained at 1500 nm. Deposited samples were cooled to room temperature in vacuum before venting the system.
B. Characterization of nanocomposite films
The film thickness was examined by a field emission scanning electron microscope (XL-40FEG, Philips, Eindhoven, The Netherlands). An x-ray photoelectron spectroscopy (XPS; VG Scientific 210, West Sussex, United Kingdom) was used to investigate the composition of the films. A Mg K ␣ x-ray source with 1253.6 eV was used for XPS analysis, and resolution of 0.1 at.% was obtained. The detectable depth of sample was less than 5 nm. The accelerating voltage and current were 12 KeV and 17 mA, respectively. The sample was preetched for 5 min by Ar ion source with 4 keV and 8 mA to remove the oxidation. The microstructure (such as phases, textures, preferred orientation, lattice parameter, crystallite size, and lattice strain) of the nanocomposite films was determined by x-ray diffraction (XRD; Rigaku D/MAX2500, Tokyo, Japan) using Cu K ␣ radiation. In addition, atomic force microscopy (AFM, Digital Instruments Inc., NanoScope, Santa Barbara, CA) was used to observe the surface morphology.
The hardness and reduced elastic modulus of films were evaluated by a Hysitron nanoindentation apparatus interfaced with a Digital Nanoscope II atomic force microscope (Digital Instruments Inc.). The indentation depth was less than 10% of the film thickness to reduce the effects of substrate.
III. RESULTS AND DISCUSSION
A. Deposition rate
The deposition rate of nc-(Ti,Al)N x /a-SiN y composite films under different substrate bias voltages is plotted in Fig. 1 . Results indicated that the deposition rate initially decreased slowly with substrate bias, then drastically decreased as the negative bias was over 100 V. The initial slow decrease in deposition rate was explained by Lee et al.; 7 they investigated the characteristics of TiN films using reactive magnetron sputter ion plating. The initial slow decrease in the deposition rate resulted from the removal of the impurities (oxygen and carbon) and densification of film as well as the resputtering of some of the deposited materials. The more drastic decrease in the deposition rate was thought to be due to an increase in resputtering rate. 8 they investigated the effects of ion bombardment on the tungsten and chromium coatings. The model of growth modified by ion during deposition was reported. Ion bombardment, on the other hand, erodes the peaks, and "forward sputtering" will fill the valleys. In the present study, the larger tips were formed due to high energy ions eroding the small peaks, and forward sputtering filled the valleys. 
C. Chemical composition
The composition of the nanocomposite films could be changed by resputtering effects under energized ion bombarding. 9 The quantitative XPS analysis of nc-(Ti,Al)N x /a-SiN y composite films with different bias voltages is shown in Fig. 3 . Results indicated that the content of Ti and N was independent of substrate bias voltage. However, the atomic fraction of Al decreased with the increase of bias voltage. Conversely, the atomic fraction of Si increased relatively for the constant atomic percent. Coll et al. 10 (311) textures were found and assigned to crystalline of face-centered-cubic (fcc) (Ti,Al)N x . 11, 12 According to Bragg's law, the lattice parameter calculated from the angle with different substrate bias voltages was 0.4156 nm with 0.1% deviation. This value is similar to that of Ti-Al-N films previously reported by Hakasson and Sundgren.
12 The x-ray diffraction peaks of films had no obvious shift, and no extra phases were detected at different bias voltages. It suggested that the nc-(Ti,Al)N x /a-SiN y composite phases remained under different substrate bias voltages.
The preferred orientation of films can be expressed by the texture coefficient (TC). 13 When the TC of reflected planes is unity, the distribution of crystal orientation is random. A preferred orientation with the (hkl) planes parallel to the surface exists while the TC of such plane increased with deposition parameters. The texture coefficient is defined as follows:
where I(hkl) and I o (hkl) are the integrated intensities of reflections measured for an experimental specimen and a standard powder sample, respectively, while n is the total number of reflection planes. Figure 5 shows the texture coefficients of nc-(Ti,Al)N x /a-SiN y composite films under different bias voltages. Results showed the texture coefficient of (111) plane initially increased with substrate bias and then decreased as the voltage exceeded 50 V. The tendency of texture coefficients of (220) plane was opposite that of (111) plane. Both (200) and (311) planes were smaller than unity at different bias voltages. Ensinger studied the effects of ion energy on the preferred orientation of growing films and reported that the growth of film under low-energy ion irradiation was substantially affected by the adatom mobility.
14 Since the (111) plane has the lowest surface energy in a fcc crystal, the mobile atoms could therefore stack with the lowest energy crystal facets parallel to the substrate under ion bombardment. 15 Under higher bias voltage, the planes possibly suffer more ion bombardment damage. From a molecular dynamics simulation reported by Dong et al. 16 for a fcc crystal under a perpendicular ion bombardment, the (111) plane could suffer more ion damage than (220) plane because 〈220〉 is a favorable channeling direction. As a result, the growth of (220) plane in Fig. 5 could be preferred plane during high-energy ion bombardment. Similar results showing the preferred orientation changed from (111) to (220) under bias was reported in ZrN 17 and TiN. 18 
Crystallite size and lattice strain
The calculation of crystallite size by XRD analysis should consider the effects of microstrain on films. 19, 20 According to the Williamson-Hall plot method, 19 the crystallite size and lattice strain can be calculated separately through the following two equations:
where the integral breadth (␤ f ) of individual reflections were determined by fitting analytical function to the composed diffraction profile; 20 ␤ hkl (integral breadth of reflection plane, expressed in reciprocal space units) is related to the integral breadth ␤ f of physical broadening measured on a 2 scale; is the Bragg's angle of a given reflection; is the wavelength of x-ray radiation; D is the crystallite size; and e is the lattice strain.
A typical Williamson-Hall plot of nc-(Ti,Al)N x /aSiN y composite films with different substrate bias voltages is shown in Fig. 6 . The intercepts and the slopes of the lines give rise to the crystallite size and lattice strain, respectively.
The crystallite size and lattice strain of the nc-(Ti,Al)N x /a-SiN y films at different bias voltages are presented in Fig. 7 . Results revealed that both crystallite size and lattice strain increased with the increase of the bias voltage. Marinov 21 investigated the effects of ion bombardment on the initial stage of the film growth. They reported that the increase in crystallite size was due to the energized ion bombardment, which caused an enhanced surface mobility of adatoms and thereby accelerated the nucleation, growth, and coalescence of nuclei. Similar results were reported by Ma et al. in ZnO:Al deposited at various bias voltages. 22 The increase in lattice strain with substrate bias could be explained by the atomic peening effects under energized ion bombardment during deposition which resulted in compressive stress in films. 7, 23, 24 As the substrate bias voltage increases, the stronger peening effects associated with larger compressive stresses increase the lattice strain. Figure 8 shows the nanoindentation loading/unloading curves of nc-(Ti,Al)N x /a-SiN y composite films deposited at bias voltage of 0 and 200 V. The elastic response was higher than the plastic response for both films. The displacement with respect to the unloading was smaller than that of loading due to the elastic recovery of the films. The elastic recovery could be attributed to the recovery of discrete slip bands during unloading. 25, 26 Additionally, the elastic recovery of unbiased film was greater than that of the biased one. The greater elastic recovery indicated that the film had smaller residual indentation depth. For a fixed indentation load, the smaller residual indentation depth could be ascribed to the film having higher strength.
E. Nanoindentation analysis
A quantitative determination of hardness (H) and reduced elastic modulus (E r ) can be calculated according to Oliver and Pharr's method. 27 The hardness and reduced elastic modulus of nc-(Ti,Al)N x /a-SiN y composite films with different substrate bias voltages are shown in Fig. 9 . The hardness and reduced elastic modulus decreased initially with the increase of substrate bias and then leveled off as bias voltage exceeded 100 V. The decrease in hardness with the bias voltage was probably due to the increase of crystallite size, as shown in Fig. 10 . Following the Hall-Petch relation, the increase in crystallite size decreases the hardness. 
IV. CONCLUSION
Under energized ions bombardment, the resputtering phenomenon had substantial influence on the deposition rate and surface morphology. The nanocomposite films with (220) preferred orientation were observed as the substrate bias voltages exceeded 50 V. The nanocrystallite size and lattice strain increased with increasing substrate bias voltage. The hardness of nanocomposite films decreased with bias due to the formation of the larger nanocrystallite size.
